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Abstract
One of the major challenges in performing SQUID-detected Magnetic Resonance Force Microscopy (MRFM) at mil-
liKelvin temperatures is the crosstalk between the radiofrequency (RF) pulses used for the spin manipulation and the
SQUID-based detection mechanism. Here we present an approach based on balancing the flux crosstalk using an on-chip
feedback coil coupled to the SQUID. This approach does not require any additional components near the location of the
sample, and can therefore be applied to any SQUID-based detection scheme to cancel predictable RF interference. We
demonstrate the effectiveness of our approach by showing that we can almost completely negate flux crosstalk with an
amplitude of up to several Φ0. This technical achievement allows for complicated magnetic resonance protocols to be
performed at temperatures below 50 mK.
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1. Introduction
Magnetic Resonance Force Microscopy (MRFM) is a
technique intended for nanoscale Magnetic Resonance Imag-
ing (MRI) [1, 2, 3]. It is based on measuring the forces
between spins in the sample and a small magnetic particle
attached to the end of a soft cantilever (in the magnet-on-
cantilever geometry) [4]. A variety of radiofrequency (RF)
pulses can be used to manipulate the spins in the sample
to generate the signal [5, 6]. The motion of the cantilever,
which contains the spin signal, is typically read-out using
laser interferometry [7].
The fundamental force sensitivity of MRFM is deter-
mined by the thermal force noise. Therefore, one would
like to operate the MRFM at the lowest possible temper-
atures. In order to prevent heating, we use a supercon-
ducting microwire as the source for the RF pulses. Fur-
thermore, we have replaced the laser interferometer, which
heats the cantilever and sample [8], by a SQUID-based de-
tection scheme [9]. In this scheme, the motion of the can-
tilever is determined by measuring the flux induced by the
magnetic particle in a superconducting pickup loop, which
is coupled to the input coil of a SQUID. A photograph of
the experimental setup used in this detection scheme is
shown in Fig. 1(a), with a zoom-in on the MRFM detec-
tion chip containing the RF wire and pickup loops shown in
Fig. 1(b). Due to these adjustments, the SQUID-detected
MRFM can be operated at experimentally verified tem-
peratures below 50 mK [10, 11].
The extreme sensitivity of the SQUID that we rely on
to measure the sub-nanometer motion of the cantilever
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also has a disadvantage: SQUIDs are notoriously sensitive
to electromagnetic interference [12, 13]. Interference of
sufficient intensity reduces the SQUID modulation depth,
i.e. the extent to which the SQUID responds to an ap-
plied flux. The time-dependent modulation voltage of a
SQUID subjected to a low-frequency applied flux Φa and
additional RF interference with amplitude ΦRF is given
by [14]:
V (t) = ∆V0 cos
(
2piΦa(t)
Φ0
)
J0
(
2piΦRF
Φ0
)
, (1)
with ∆V0 the peak-to-peak modulation depth without RF
interference, J0 the zeroth order Bessel function, and Φ0 =
2.067 ·10−15 Wb, the magnetic flux quantum. The reduced
SQUID modulation results in an increase in the measured
SQUID noise floor. RF interference that originates from
environmental sources can be reduced by using magnetic
shielding. However, in the MRFM experiment there is also
a local source of RF interference which cannot be avoided
by using shielding: the direct crosstalk between the RF
pulse and the pickup loop, as discussed in the next section.
The presence of this crosstalk is detrimental for MRFM
experiments, as it prevents measurements of the spin signal
during the pulse, an absolute necessity in many MRFM
protocols.
This challenge was also encountered and overcome in
the field of SQUID-detected NMR, where the high sensi-
tivity of the SQUIDs offers the possibility to work at very
low fields and low frequencies [15, 16, 17, 18]. In order to
protect the SQUID from RF interference, a variety of so-
lutions have been developed, but most can be subdivided
into two classes. The first class of solutions involves dis-
abling the SQUID by using diodes or Q-spoilers to block
high currents [19, 20, 21, 22]. This type of solutions is rel-
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Figure 1: (a) Optical microscope image of (1) the niobium terminals connected to the SQUID input coil, (2) the gradiometric transformer
used for the impedance matching, and (3) the MRFM detection chip. The white dashed boxed indicates the location of the zoomed-in image
shown in (b) (not to scale). (b) Scanning electron microscope image of the detection chip, showing the NbTiN pickup loop (yellow) and RF
wire (red). The pickup loop is connected to the transformer and SQUID as indicated in the schematic shown in (c). (c) Schematic of the
electronic circuit used for the flux compensation. The red and yellow dashed boxes indicate different stages of the cryostat, the blue dashed
boxes indicate the detection chip, transformer chip, and SQUID chip, all connected using Al-Si(1%) wirebonds.
atively easy to implement, but prevents measurements of
the NMR signal during the RF pulse. The second class of
solutions is based on sending a copy of the RF pulse with
the appropriate phase and amplitude to an additional coil
in the detection circuit [15, 23, 24, 25]. This balancing
coil is often placed around or near the pickup coil which
couples the measured NMR signals to the input coil of the
SQUID.
In this work, we decribe the measurement scheme used
to remove the crosstalk in our SQUID-detected MRFM
setup, where we use an on-chip feedback coil in the SQUID
input coil circuit to balance nearly all crosstalk before it
reaches the SQUID. We start by explaining the compen-
sation method and calibration of the required balancing
pulses. We then demonstrate the effectiveness of our ap-
proach by showing the reduction in measured crosstalk in
the full MRFM setup. The application of this technique
to SQUID-dectected MRFM is vital for the operation of
MRFM at milliKelvin temperatures.
2. Circuit and calibration
As introduced in the previous section, RF pulses are
required to manipulate the spins in the sample, which
we generate by sending an alternating current through
a superconducting RF wire [10]. In order to coherently
modulate the magnetization of the spins, alternating mag-
netic fields BRF on the order of several mT are necessary
[26, 27]. To generate a 1 mT field (in the rotating frame
of the spins) at a distance of 1 µm from the RF wire, a
current with peak amplitude I = 10 mApk is required.
Given this current and the geometry of the system, the
flux crosstalk between the RF pulse and the pickup loop
is given by:
ΦRF = ηΦ
∫
area
BRF (~r) dA ≈ ηΦ wI µ0
2pi
ln
(
r2
r1
)
, (2)
where w = 20 µm is the width of the pickup loop, µ0
is the vacuum permeability, and r1 = 2.5 µm and r2 =
32.5 µm are the distance between the near and far edges
of the pickup loop, respectively. We have assumed that
all flux enters via the rectangular pickup loop, as we have
minimized the parasitic area enclosed by the supply wires.
ηΦ is the efficiency of the coupling between the pickup
loop and the input coil of the SQUID. To optimize this
efficiency, we use a gradiometric transformer to match the
inductances of the pickup loop and the SQUID, see Fig.
1(a). For a single transformer circuit, as shown in Fig.
1(c), the efficiency is given by [28]:
ηΦ =
MfMi
(Lp + Lpar + L1) (L2 + Li)−M2f
, (3)
in which the various inductances L and mutual induc-
tances M are defined in Fig. 1(c). Lpar is the parasitic
inductance within the pickup loop circuit, which is dom-
inated by the wirebonds between the detection chip and
the transformer. We use a sub-optimally designed gradio-
metric transformer to match the impedance of the pickup
loop and input coil, resulting in ηΦ ≈ 3.5 %. Using this
efficiency together with the other experimental parame-
ters, we find from Eq. 2 that a 10 mA current induces a
crosstalk in the SQUID of ΦRF = 3.6 ·10−15 Wb ∼ 1.8 Φ0.
Given that the SQUID noise floor at temperatures below
4K is generally less than 1-2 µΦ0/
√
Hz, this crosstalk is
quite significant.
To solve this issue, we use an additional feedback trans-
former to precisely cancel this crosstalk flux in the SQUID,
using the electrical circuit shown in Fig. 1(c). We use a
SQUID with an on-chip additional feedback transformer1.
A dual-channel arbitrary waveform generator (AWG) is
used to send both the RF pulse and the compensation
pulse. The first channel is used to send the current to the
1Magnicon integrated 2-stage current sensor C70M116W
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Figure 2: Calibrated amplitude r(f) (top) and phase φ(f) (bottom)
of the compensation pulse for an RF pulse with reference phase 0.
Both the amplitude and phase result from the combination of the
transfer functions of the RF circuit and the compensation circuit, as
shown in Fig. 1(c).
RF wire. This current is intended to generate the mag-
netic fields to perform NMR protocols, but also creates
unwanted crosstalk flux in the pickup loop. Low temper-
ature attenuators are used to reduce the noise originating
from the room temperature electronics and filters. The
second channel is used to send a compensation pulse with
precisely the correct gain and phase shift to the compensa-
tion coil in order to balance the crosstalk of the RF pulse.
A ferrite core transformer is used to decouple the highly
sensitive feedback transformer from low-frequency noise on
the electrical ground of the cryostat. As the compensation
coil is so strongly coupled to the input coil of the SQUID,
50 Ohm resistors are used to attenuate the current at the
10 mK plate of the dilution refrigerator to suppress noise
currents in the compensation circuit.
The required gain and phase shift are calibrated by
using a lock-in amplifier to measure the crosstalk in the
SQUID during a continuous, constant frequency RF signal.
The amplitude r(f) and phase φ(f) of the compensation
pulse is varied until a minimum in the measured crosstalk
is obtained. Because of the frequency dependence of the
transfer functions of the various circuits, this calibration
must be repeated for the full RF pulse frequency range re-
quired for the experiments, the result of which is shown in
Fig. 2. The blue and red curves are measured for different
RF signal amplitudes. The good correspondence between
the two shows that the SQUID does not suffer from large
non-linearities in this range.
It is straightforward to use the calibration from Fig.
2 to properly compensate the flux from pulses consisting
of a single frequency, as required for e.g. saturation ex-
periments [11]. However, it can also be used to compen-
sate for the crosstalk from more complex RF pulses, such
as the pulses required for adiabatic rapid passage (ARP),
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Figure 3: Example of a complex RF pulse, typically used for ARP
protocols in MRFM, plus pre-calculated compensation pulse using
the Fourier transform method. The RF pulse consists of a WURST
amplitude envelope and a linear frequency chirp from 100 kHz to 1.9
MHz.
the technique used to coherently flip the magnetization
of a spin ensemble [26, 29]. An ARP pulse consists of a
frequency-chirp combined with an amplitude envelope, an
example of which is given by the blue curve in Fig. 3. In
this particular example, the amplitude envelope is of the
WURST kind [30, 31], given by A(t) = 1 −
∣∣∣cos(pittp )∣∣∣4,
where the pulse starts at t = 0 and ends at t = tp.
In order to find the appropriate compensation pulse
for an arbitrary RF pulse, we take the discrete Fourier
transform of the RF pulse, and multiply each frequency
component with the corresponding calibrated amplitude
and phase represented as the complex number z(f) =
r(f)eiφ(f). The required compensation pulse is obtained
by taking the inverse Fourier transform to return to the
time-domain. The resulting compensation pulse for the
example ARP pulse is shown in red in Fig. 3.
3. Results
To demonstrate the effectiveness of the flux crosstalk
compensation method, we show the SQUID modulation in
Fig. 4. We apply a test flux Φa ∼ 2 Φ0 in the SQUID at a
frequency of 23 Hz. The reference modulation without RF
pulse is shown in black, where we find a SQUID modula-
tion depth of 5.9 Vpp. When switching on the RF pulse
with a frequency of 1.908 MHz and a peak-to-peak am-
plitude of 0.88 Φ0, the modulation depth is significantly
reduced, as can be seen from the red curve. The SQUID’s
noise susceptibility, which can be quantified by looking at
the maximum slope of the modulation, is increased by a
factor of 8. By sending the suitable compensation pulse,
we are able to restore the SQUID modulation, as shown
by the blue curve. The compensation, and corresponding
canceling of the flux crosstalk in the SQUID input circuit,
leads to a recovery of the SQUID noise level to within 3%
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Figure 4: Effects of a 1.908 MHz, 0.88 Φ0 pulse on the SQUID
modulation. The modulation without RF field is shown in black.
The red curve shows the suppressed modulation with an unbalanced
RF flux crosstalk, while the blue curve shows the restored modulation
with optimized compensation.
of that without RF pulse. Note that the different modula-
tions are manually shifted by a random phase. This does
not influence the actual experiment.
The previous experiment of the SQUID modulation
depth gives an idea of the effect of the RF pulse on the
SQUID noise floor, i.e. the ability to measure at frequen-
cies not equal to the frequency of the RF pulse. A di-
rect visualization of the effect of the compensation at the
RF pulse frequency is shown in Fig. 5, where we see a
small part of the SQUID spectra during the application
of a 118 kHz, 0.3 mApp RF pulse, with and without com-
pensation. Each spectrum has been averaged 100 times
with a total measurement time of 1000 seconds. The mea-
sured integrated flux crosstalk has been reduced from 74
mΦ0,pp without compensation to below 42 µΦ0,pp with
compensation. Thus, the crosstalk has been reduced to
less than 0.1% of the uncompensated value. The remain-
ing flux crosstalk is the result of a small drift in the transfer
functions of the RF wire or compensation circuits due to
heating of the low temperature attenuators. We expect
that this problem is reduced for pulses of shorter dura-
tion. Note that in order to reach these levels of crosstalk
reduction, the compensation pulse amplitude has to be
calibrated to an accuracy better than 0.1%, and the phase
to better than 0.1 degree.
The RF frequency of 118 kHz was selected in order to
prevent aliasing in the data acquisition. However, note
that the compensation scheme can in principle be applied
over a large bandwidth, from DC up to at least tens of
MHz. In the current experiment, this bandwidth is limited
by the DC block in the RF circuit, and the bandwidth of
the SQUID feedback of about 20 MHz.
Note that the compensation scheme is suitable for low
temperature operation, as it generates only very little dis-
sipation. Compensating a 10 mApk RF current requires
a balancing current of about 200 µApk in the low tem-
perature calibration coil circuit. Given that this current
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Figure 5: Demonstration of the reduction of crosstalk by compen-
sating the RF pulse. The measured flux crosstalk has been reduced
from 26 mΦ0 without compensation to less than 15 µΦ0 with com-
pensation.
dissipates over the two 50 Ohm resistors, this leads to a
power dissipation of less than 2 µW at the 10 mK plate.
This power is sufficiently small that this will not signifi-
cantly heat up the 10 mK plate.
4. Conclusions and outlook
We have presented a crosstalk compensation scheme
that is easy to implement without any local adjustments
near the sample or pickup loops. The compensation scheme
allows for relatively strong RF pulses without any adverse
effect on the SQUID sensitivity. This means that data ac-
quisition with the SQUID does not have to be interrupted
or compromised during RF pulses. This is a vital require-
ment for MRFM experiments, and initially was considered
one of the major arguments against a SQUID-detected
MRFM setup. Furthermore, even though our approach is
very similar to what is done in the SQUID-detected NMR
community, our approach to balance the crosstalk at the
location of the SQUID instead of near the sample could
allow for a broader application of the balancing technique.
An extended application would be to use this scheme
to cancel noise in an applied external magnetic field. An
external magnetic field in MRFM is useful due to the en-
hancement of the Boltzmann polarization, leading to a
larger signal for the same volume of spins. However, due
to the extreme sensitivity to magnetic field noise of the
SQUID, applying an external magnetic field with suffi-
cient stability is not an easy task. Assuming we have a
gradiometric SQUID with a parasitic area of only 1 µm2,
applying a 1 T external magnetic field without degrada-
tion of the SQUID noise requires a field stability of 1 part
per billion. This is far beyond the resolution of present-
day magnet power supply systems, which is of the order of
10 ppm [32]. Placing the SQUID outside of the magnetic
field, and instead using a gradiometric pickup coil with a
coupling efficiency of 1 % reduces the stability demand to
0.1 ppm, which is still beyond reach. A potential solution
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would be to use a persistent current switch, but achieving
this at 10 mK is still technologically challenging [33]. Al-
ternatively, one could redirect a part of the current from
the external magnetic field to the compensation coil, af-
ter proper attenuation and phase shifting. Any noise in
the power supply of the external magnet will now be com-
pensated at the SQUID level. When the current from the
magnet power supply is low-pass filtered to a bandwidth
of 10 Hz, even a delay of 100 µs is acceptable to obtain
a noise reduction of over a factor of 100. In combination
with the other proposed solutions this should be sufficient
to operate the SQUID in an external field without a re-
duction in sensitivity.
The possibility to continue to measure with the SQUID
even during an RF protocol opens the way to perform
MRFM experiments that rely on continuous application
of ARP pulses at low temperatures. The fundamental
limit of sensitivity of an MRFM experiment is dictated
by the thermal force noise
√
Sth =
√
4kBTγ BW , with γ
the damping of the cantilever and BW the measurement
bandwidth. Thus, lower operating temperatures in prin-
ciple allow for measurements on smaller spin ensembles,
and would be a new step towards the imaging of a single
nuclear spin.
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